T -wave changes are classified as primary or secondary. The former are caused by uniform or nonuniform alterations in the shape or duration of the action potential in the absence of changes of the activation sequence; the latter, by alterations of the activation sequence without changes in action potential configuration or duration.1-4 Prolonged alteration of the activation sequence has a variety of causes, including ventricular pacing,5,6 intermittent left bundle branch block,7-9 ventricular tachycardia,10-15 ventricular extrasystoles,16 and ventricular preexcitation.17 These induce secondary T-wave changes not only during the period of altered activation sequence but possibly persisting after the normal supraventricular activation pattern resumes.5-17 Terms such as "cardiac memory" and "accumulation" have been used to describe the phenomenon of T-wave changes persisting after normalization of the activation sequence and having increased magnitude and slower regression when the heart is exposed repeatedly to changes in activation sequence. [18] [19] [20] The mechanisms for these prolonged changes in repolarization after normalization of the activation sequence are still unknown.
In the canine heart in situ,20 cardiac memory can be induced by 20 minutes of right ventricular pacing at a rate 50% greater than sinus rate. These changes are abolished by pretreatment with 4-aminopyridine (4-AP), a blocker of the transient outward current (IQ), but not by the local anesthetic lidocaine. These results are consistent with the participation of specific potassium channels in the development of the memory phenomenon.
Ito has been described in a number of noncardiac21 and cardiac tissues,22-33 and ventricular epicardium and endocardium in several species, including the dog, differ with respect to its presence. [31] [32] [33] Ito contributes to the prominent phase 1 repolarization responsible for the "spike-and-dome" morphology of ventricular epicardial action potentials.33 This configuration is lacking in endocardial muscle, which also lacks a prominent Ito. 32, 33 Moreover, It. is sensitive to altered heart rate, increasing as rate slows. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Hence, changes in heart rate may contribute to persistently altered cardiac repolarization.
The purposes of the present study were (1) to determine whether experiments in isolated tissue could provide a model to study the mechanisms involved in the generation of cardiac memory seen on ECG in vivo and, if so, (2) to study the importance of changes in stimulation rate compared with alterations of the activation sequence in the development of this phenomenon, and (3) to investigate the mechanisms whereby repolarization changes in response to an altered activation sequence persist after activation returns to normal. Methods Adult mongrel dogs of either sex weighing 15 to 20 kg were anesthetized with sodium pentobarbital, 30 mg/kg IV. The hearts were rapidly removed through a lateral thoracotomy and placed in ice-cold Tyrode's solution of the following composition (mmol/L): NaCl 131, NaHCO3 18, NaH2PO4 1.8, MgCl2 0.5, CaCl2 2.7, dextrose 5.5, and KCl 4. The Tyrode's solution was equilibrated with 95% 02/5% C02. Ventricular epicardial and endocardial slabs (15 x30 mm) from either ventricle were removed quickly, using razor blade shavings made parallel to the surface, resulting in muscle thickness <1.5 to 2 mm. These slabs were placed in a Lucite chamber perfused at a rate of 15 mUmin with Tyrode's solution warmed to 37+0.20C.
Transmembrane potentials were recorded with glass microelectrodes filled with 3 mol/L KCl and having resistances of 10 to 25 Mfl. They were coupled via a Ag-AgCl junction to a preamplifier with high-input impedance and input capacity neutralization (WPI KS 700). The tissue bath was attached to ground via a 3 mol/L KCl-Ag-AgCl junction. All signals were displayed on an oscilloscope, photographed on Polaroid film, and recorded on a strip chart recorder for further analysis. The maximum slope of phase 0 depolarization (V.t ) was obtained by electronic differentiation and calibrated against a linear sawtooth pulse of 100-mV amplitude with a rising slope that could be varied between 100 and 1000 V/s. After equilibration of the tissue (3 to 5 hours), the muscle strips were stimulated with a constant-current source using rectangular pulses 0.5 to 1.5 milliseconds in duration and 1.5 to 2 times diastolic threshold intensity, delivered through bipolar silver electrodes that were Teflon coated to the tips. One stimulating electrode was positioned at the basal end of the preparation such that impulses initiated at this site could proceed in the direction of fiber orientation, simulating normal activation (Fig 1) . During control, the preparation was paced through the basal electrode at a basic cycle length (BCL) of 650 milliseconds. A second, identical, stimulating electrode was positioned at the lateral border of the tissue slab such that the impulses initiated here originated perpendicular to fiber axis. Three 20-minute periods of pacing at a BCL of 450 milliseconds were initiated from the lateral site, thereby altering both activation sequence and rate, simulating ventricular pacing. Each of these fast pacing periods with changed activation was interrupted by pacing from the basal end of the preparation at a BCL of 650 milliseconds for 30 minutes. The duration and intensity of stimuli were not changed during the individual pacing periods. This protocol was identical to that in our original in vivo study,20 which showed consistent evocation of cardiac memory in the intact animal. Fig 1 
Results

Difference Signal Recordings of Cardiac Memory
In four initial experiments, simultaneous subepicardial and subendocardial action potentials and their difference signal recordings were analyzed. Fig 2 shows one experiment in which we changed activation sequence and stimulation rate. During control (simulating normal activation sequence and heart rate), the endocardial fiber was excited slightly before the epicardial, and the difference signal showed an upright deflection. Repolarization in epicardium preceded that in endocardium, and the repolarization wave was also positive in the difference recording. In these records, the similarity of the difference record to the QRS-T deflections of an ECG is apparent. When both pacing rate and pacing site (and thus, activation sequence) were changed during simulated ventricular pacing (Stl to St3), alterations in the "T wave" of the difference recording occurred that resembled secondary T-wave changes during ventricular pacing in vivo. These "T-wave" changes persisted after the second fast pacing period after return to normal activation until the end of the second recovery period (R2). After the third period of simulated ventricular pacing (St3), the persistent changes were greater than during R2 and simulated the phenomenon of accumulation of the "T-wave" changes seen in vivo during development of cardiac memory. As shown in Table 1 , the "T-wave" areas of the difference signals were significantly changed during R2 AT indicates activation time; T area, planimetered area of repolarization; CO, control; R, 30 minutes of recovery with normal activation sequence and cycle length of 650 milliseconds after first (R1), second (R2), and third (R3) periods of rapid pacing at cycle length of 450 milliseconds.
*Basic cycle length of 650 milliseconds at control site and 450 milliseconds at ventricular pacing site (see Fig 1 for The notch in epicardial action potentials decreased significantly during rapid ventricular pacing (Fig 4, upper  panel) . In contrast, the much smaller notch in endocardium did not change significantly during comparable pacing (Fig 4, lower panel) . The difference in notch height between epicardium and endocardium was significant during the entire pacing protocol ( Table 2) . As a result of this prominent early repolarization, epicardial action potentials displayed a "spike-and-dome" configuration unlike those of endocardium (Fig 4) . Plateau 209±4.7* Co indicates control; 4-AP, 4-aminopyridine; Sti, St2, St3, first, second, and third ventricular pacing periods, respectively; R1, R2, R3, first, second, and third recovery periods, respectively; epi, epicardium; APD30, APD90, action potential duration at 30% and 90% of repolarization, respectively; endo, endocardium.
*P<.05 compared with control.
tP<.05 compared with epi.
tP<.05 compared with Co-4-AP.
4). However, lidocaine did not influence the gradient for repolarization between epicardium and endocardium ( Fig 6C and 6D) or the pacing-induced changes in notch height or plateau height compared with control during repeated stimulation and recovery ( tion changes and summarized evidence for altered gene expression determining the structure and function of potassium channels as an important mechanism for changes in cardiac repolarization. The present study shows that it is possible to simulate the ECG phenomenon of cardiac memory and investigate the underlying mechanisms by using difference signal recordings from epicardial and endocardial action potentials. The resulting changes in the amplitude and shape of the repolarizing (T) wave of the difference recording are identical to those seen in the ECG in vivo when memory is elicited with the same pacing protocol. The development and persistence of altered repolarization in response to the combination of increased rate and changed activation sequence are exactly like events in vivo, thereby emphasizing the validity of the model used in this study. Moreover, the phenomenon was inducible only when epicardial and endocardial tissue were studied in combination. In either tissue alone, this phenomenon could not be demonstrated by electrograms (data not included).
Importantly, increases in rate alone without additional changes in the activation sequence did not induce persistent changes in the "T" wave of the difference signal (Fig 3) . This is in complete agreement with observations in vivo in which increases in heart rate alone do not induce memory. In addition, the results with 4-AP and lidocaine provide cellular electrophysiological evidence that modification of specific potassium channels by alterations of the activation sequence may underlie the repolarization abnormalities seen on the ECG after ventricular pacing. This suggests the importance of differences between epicardium and endocardium in activation and repolarization for the genesis of both normal and abnormal T waves. 42 course of the epicardial action potentials and their response to the pacing protocol in our study. Hence, epicardial tissue behaved much more like endocardial during 4-AP superfusion, both during normal activation and during ventricular pacing. This reduced the gradient between epicardial and endocardial action potentials during repolarization. The resultant similarity between epicardium and endocardium (Fig 5D) can contribute to a reduced ventricular gradient in vivo and explain the abolition of memory seen when 4-AP is administered to intact dogs. 20 Lidocaine, a local anesthetic drug that does not modify the memory phenomenon in vivo,20 had little effect on early repolarization and on pacing-induced changes in action potentials in epicardium or endocardium. However, in our experiments, lidocaine reduced APDw and APD90 more in endocardium than epicardium (Table 3) , emphasizing the differential responses of different layers of the ventricular wall to local anesthetic drugs. These results confirm reports of opposite effects of sodium channel blockade in canine epicardium and endocardium51.52 that are abolished by pretreatment with 4-AP or ryanodine.52
Other Factors Contributing to Memory
A number of other factors may be involved in the development of memory in addition to the voltage gradient established by differences in I, in epicardium and endocardium. Changes in activation sequence might lead to structural and/or functional modifications of channel proteins responsible for repolarization. This could occur via second messenger-mediated modification of preexisting proteins or involve alterations in gene expression (see Reference 41 for review). Supporting this view are the observations that cell deformation can modify protein synthesis by stimulation of stretch-activated channelsS3'i54 and that alterations of the activation sequence can lead to altered wall motion and stretch.55 That genetic changes accompany the expression of memory has been addressed in other excitable tissues (eg, central nervous system), but these usually are related to long-term memory and not the short-term events described in our study (see Reference 56 for review). Of greater likelihood with respect to short-term memory is the occurrence of changes in I, or other potassium or calcium channels (eg, second messengermediated activation of protein kinases that phosphorylate substrate proteins, leading to modification of channel function).57 With the methods used in our study, these possible additional influences are not specifically addressed, and therefore, their final impact in the development of memory cannot be evaluated. In addition, the influence or participation of the His-Purkinje system in the genesis of memory could not be addressed with this in vitro model.
Physiological Importance
The fact that changes in the activation sequence alone can produce long-lasting T-wave changes has important clinical implications. This activation sequence-dependent modulation of ventricular repolarization explains ECG repolarization abnormalities after periods of altered activation (left bundle branch block, ventricular premature depolarizations, ventricular stimulation) that have to be differentiated from T-wave changes caused by ischemic heart disease.5859 Consistent with earlier studies,18-20 the present in vitro study shows that memory is a physiological adaptation, rather than a pathological state, brought about by a heterogeneous rate dependence of action potential duration in different layers of the ventricular wall.
